A process for the fabrication of Al 2 O 3 YAG eutectic composites using an undercooled melt formed by the melting of an Al 2 O 3 YAP eutectic specimen has been developed. An Al 2 O 3 YAG eutectic structure with fine lamellar spacing was formed. However, the Al 2 O 3 YAG casting has porosities with diameters of 49 µm. The composition is limited to the Al 2 O 3 YAP eutectic composition. In this paper, a new method for the fabrication of Al 2 O 3 YAG eutectic composites through the transformation from fine Al 2 O 3 and YAP powder mixtures is proposed. The enhancement of YAG formation due to the fine Al 2 O 3 and YAP powders and the 11% volume expansion in the transformation from the Al 2 O 3 YAP system to the Al 2 O 3 YAG system contributed to the formation of dense Al 2 O 3 YAG eutectic compact. The Al 2 O 3 YAG compact featured a uniform microstructure consisting of spherical-like Al 2 O 3 and YAG grains. In addition, the forming temperature was reduced to 1873 K, which is approximately 100 K lower than that in the previous process using the undercooled melt. The proposed process provides a dense Al 2 O 3 YAG eutectic compact with a fine and uniform microstructure over a wide composition range of Al 2 O 3 x mol%Y 2 O 3 (10 < x < 30).
Introduction
Unidirectionally solidified Al 2 O 3 -based pseudobinary eutectic composites have attracted attention as a promising heatresistant material with superior mechanical properties at elevated temperatures compared to conventional sintered materials such as Al 2 O 3 , mullite, and SiC/SiC composite. 13) Waku et al. reported that Al 2 O 3 YAG (Y 3 Al 5 O 12 : yttriumaluminum-garnet) eutectic composites had a flexural strength of 360400 MPa from room temperature to 2073 K. 2, 3) In addition to their excellent mechanical properties at elevated temperatures, interesting solidification phenomena in the Al 2 O 3 Y 2 O 3 system have been reported.
46) The phase diagram of the Al 2 O 3 Y 2 O 3 system in the Al 2 O 3 -rich section has two eutectic systems: 6) one is the Al 2 O 3 YAG equilibrium eutectic system and the other is the Al 2 O 3 YAP (YAlO 3 : yttrium aluminum-perovskite) metastable eutectic system. In the composition range of 13.528.5 mol%Y 2 O 3 , the Al 2 O 3 YAP metastable eutectic system can be controlled. 6, 7) Heating the melt with a metastable eutectic composition above 2273 K results in the inevitable formation of an Al 2 O 3 YAP metastable eutectic structure.
Our previous papers 79) have shown that heating the Al 2 O 3 YAP metastable eutectic specimen with diameters greater than several micrometers up to temperatures between the metastable eutectic temperature of 1975 K and the equilibrium eutectic temperature of 2099 K produced an undercooled melt. A novel solidification process that utilizes the undercooled melt produced by the melting of the Al 2 O 3 YAP metastable eutectic structure has been developed as shown in Fig. 1(a) . This process has some advantages, 1015) over conventional solidification or powder sintering processes: (1) The forming temperature of the Al 2 O 3 YAG eutectic composites is lower than the Al 2 O 3 YAG equilibrium eutectic temperature. (2) Castings with complex shapes can be produced over a short period of time (60 s) at relatively low pressures (8 MPa) due to the undercooled melt formation. (3) 11% volume expansion due to Al 2 O 3 + YAP ¼ YAG reaction 5) reduces the porosity of the castings. (4) The small amount of the exothermal heat, which is nearly compensated by the endothermic heat, leads to a high growth rate, resulting in a fine eutectic structure. Thus, the developed process is advantageous for the fabrication of micro-parts on the scale of 10 ¹4 m. However, the developed process also has several problems: (1) The forming temperature is difficult to reduce. (2) 13) has demonstrated that an Al 2 O 3 YAG eutectic compact was produced using a green pellet consisting of Al 2 O 3 YAP eutectic particles to examine the formability. Since particles of the Al 2 O 3 YAP eutectic specimen with diameters ranging from several micrometers to 45 µm were used, the porosities with diameters of 49 µm were observed in the Al 2 O 3 YAG eutectic compact because the specimen could not be fully consolidated between large Al 2 O 3 YAP eutectic particles. Therefore, an alternative process that exploits the transformation from Al 2 O 3 + YAP to YAG is desirable for the further development.
In this study, submicrometer-scale Al 2 O 3 and YAP powder mixtures were attempted to prepare as the starting materials using the polymerized complex (PC) method, which is effective for the formation of fine and homogenous ceramic powders. 16, 17) Figure 1( and YAP powders is demonstrated, and then their flexural strengths at room-temperature are measured.
Experimental Procedure
The YAP powder was attempted to be synthesized by the PC method. Citric acid, Al(NO 3 ) 3 ·9H 2 O (99.9% purity) and Y(NO 3 ) 3 ·6H 2 O (99.9% purity) in a mole ratio corresponding to the nominal composition of YAlO 3 were dissolved in ethylene glycol at 473 K. Citric acid and ethylene glycol were added in the proportion of 4 and 180 mol, respectively, per mole of metal cation. The formation of the polymer between ethylene glycol and the metal citrate complexes was promoted at 473573 K. When the colloidal solution condensed, it became highly viscous. Viscous polymeric product decomposed to a fine powder at 723 K. The powder precursor was calcined at 1573 K for 18 ks in air. Then, the resultant powder and ¡-Al 2 O 3 powder (99.99% purity, 500 nm in diameter, Wako) were mixed in ethanol using a 9 ) The density of the Al 2 O 3 YAG eutectic compacts was measured by Archimedes' principle. The crystal structures of the obtained specimens were examined by X-ray diffraction (XRD) analysis using Cu K¡ radiation. Their microstructures were observed by scanning electron microscopy (SEM) using backscattered electron image (BEI).
Results and Discussion

Synthesis of the YAP powders using the PC method
An SEM photograph of the external appearance of the powders obtained using the PC method is shown in Fig. 2(a) . The mean equivalent circle diameter of the powders was approximately 500 nm. The powder X-ray diffraction pattern of the specimen indicated that all the diffraction peaks corresponded to the YAP phase without any impurity phases as shown in Fig. 2(b) . Therefore, the results indicate that submicrometer-scale YAP single-phase powders were successfully synthesized using the PC method. 3.2 Influence of the milling duration on the microstructure of the Al 2 O 3 YAG eutectic compact It can be seen that the YAP powder obtained by the PC method are agglomerated as shown in Fig. 2(a) . In order to fabricate the Al 2 O 3 YAG compact with a uniform microstructure, the YAP and the Al 2 O 3 powders should be completely mixed. Figure 3 show the microstructures of compacts heated at 2073 K from the Al 2 O 3 and YAP powders mixed at (a) 3.6 ks, (b) 18 ks, and (c) 72 ks. X-ray diffraction patterns showed that the all specimens consisted of an Fig. 5(c) .
1315 Fig. 5(c) 14) on the YAG nucleation in an Al 2 O 3 YAP bulk specimen also indicated that the prominent parts were formed by YAG nucleation on the free surface area when the Al 2 O 3 YAP bulk was heated to the 1773 K. These results indicate that the free surface area, which corresponds to the three-phase junctions of Al 2 O 3 /YAP/gas (vacuum), is the preferential site for YAG nucleation. In the present method, the submicrometer-scale Al 2 O 3 and YAP powder mixtures provide a large amount of free surface area (i.e., Al 2 O 3 /YAP/gas (vacuum)), which facilitates volume expansion for YAG nucleation. The growth mechanism of the YAG phase is essentially the same as that in the peritectoid reaction in which solute transfer in the product phase controlled the reaction rate. Thus, the growth of the YAG phase is controlled by diffusion in the product phase (YAP phase). Compared to the Al 2 O 3 YAP metastable eutectic specimen with diameters greater than several micrometers that was produced by solidification, the larger free surface area increased YAG nucleation and the shorter diffusion length enhanced the solid-state transformation.
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The present results prove that the transformation from the Al 2 O 3 YAP metastable eutectic system to the Al 2 O 3 YAG equilibrium eutectic system could occur via either solidification or solid-state transformation modes depending on the sizes of the Al 2 O 3 YAP specimen. In the solidification mode, which occurs for Al 2 O 3 YAP eutectic particles with diameters greater than several micrometers, the combination of an undercooled melt formation and volume expansion in the transformation leads to the formation of dense castings with complex shapes, e.g., fins and honeycombs.
712) The solid-state transformation mode for Al 2 O 3 YAP specimens with sub-micrometer diameters has some advantages: (1) The transformation from a Al 2 O 3 YAP metastable eutectic system to an Al 2 O 3 YAG equilibrium eutectic system occurs even at temperatures, which is approximately 100 K lower than the metastable eutectic temperature. (2) The fine Al 2 O 3 and YAP powder contributed to the enhancement of the YAG formation. In addition, 11% volume expansion occurs in the transformation, resulting in the formation of a dense Al 2 O 3 YAG compact. (3) A casting mold can be fully packed with fine powders, which is expected to enable precision casting of complex shapes. (4) This method will be used for other eutectic systems in which a volume expansion occurs during the transformation, e.g., Al 2 (Fig. 6(a) ) to a YAG phase (Fig. 6(d) Our previous paper 9) demonstrated that the solidification of an Al 2 O 3 YAGZrO 2 equilibrium eutectic system accompanied the melting of an Al 2 O 3 YAPZrO 2 metastable eutectic structure, resulting in a fine and uniform eutectic structure. It should be noted that Y 2 O 3 -stabilized ZrO 2 (YSZ) phase, which has high oxygen ionic conductivity, is formed by the eutectic reaction. The volume fraction of the YSZ phase in the equilibrium eutectic structure formed via the metastable eutectic structure is 11%. Thus, if the YSZ phase in the Al 2 O 3 YAGZrO 2 equilibrium eutectic structure is increased by controlling the composition, an Al 2 O 3 YAGYSZ casting with oxygen ionic conductivity is expected. The proposed process using submicrometer-scale powder mixtures of the constituent phases allows us to easily control the composition even in ternary eutectic systems. 
13)
The average values of the flexural strength for Al 2 
